Nerve Growth factor (NGF) is responsible for the development and survival of sympathetic and sensory neurons (17, 56) and plays an important role in neuronal plasticity in the central nervous system (11, 61) . PC12 cells have been extensively employed to examine the mechanisms subserving the NGF-stimulated neuronal differentiation of these cells. A number of studies have demonstrated that the activation of the extracellular signal-regulated kinase (ERK) subfamily of mitogen-activated protein kinases (MAPKs) are responsible for directing the morphological and biochemical differentiation of these cells into a neuronal phenotype (12, 22, 33, 34, 42) . NGF initiates its actions upon binding to its specific receptor, TrkA, which dimerizes and becomes autophosphorylated through its intrinsic tyrosine kinase activity. TrkA activation results in the association of a number of adapter proteins with the receptor, including those necessary for activation of the ERK MAPK cascade (28, 55, 69) . NGF stimulates ERK activation via the recruitment and activation of the guanine nucleotide exchange factors SOS and C3G, which catalyze the exchange of GDP for GTP, activating the small G proteins Ras and Rap1, respectively. Ras and Rap1 then activate the MEK kinases, c-Raf and B-Raf, which in turn activate MEK-1 and -2. MEK-1 and -2 stimulate the activation of ERK1 and ERK2 (ERK1/2). NGF activation of the ERKs occurs predominately through a pathway involving the B-Raf isoform, with c-Raf playing a minor role (21) . B-Raf is activated almost exclusively through Rap1 (70) , leading to the prolonged stimulation of the ERKs due to the formation of a stable signaling complex involving the adaptor protein FRS2 (21) . Persistent ERK activation results in its nuclear translocation, the activation of transcription factors, and induction of neural-specific gene expression leading to the neuronal differentiation of PC12 cells (33) .
One of the central questions in understanding the initial steps in TrkA signal transduction is how signaling complexes are assembled following ligand binding. It has been appreciated that many molecules involved in the NGF signaling cascade, including TrkA, become localized to membrane subdomains, often referred to as lipid rafts. These membrane microdomains are proposed to facilitate signaling events by concentrating signal transducing elements and targeting them for internalization and incorporation into endocytic vesicles (41, 47) . While the exact structure of lipid rafts is currently under debate (9, 10, 38) , they have been characterized as cholesterol-enriched regions of the plasma membrane (16) that possess a high concentration of glycosphingolipids. Lipid rafts exhibit low buoyant density, resistance to solubilization by nonionic detergents (2, 44, 59, 62, 66) , and in neurons the presence of the marker protein flotillin.
Flotillin-containing lipid rafts are enriched in many proteins essential to neuronal signaling cascades (16, 52, 67) , and their constituents are targeted for endocytosis through both clathrin-dependent and -independent mechanisms (5, 26, 27, 31) . In neurons these endosomes and their associated signaling complexes are then retrogradely trafficked from the nerve ending to the cell body (14, 15) . These membrane microdomains ap-pear to be the locus for the initiation of NGF signaling pathways. In order to effectively participate in intracellular signaling, these rafts must be dynamic in composition, allowing for the stimulation-dependent movement of molecules into and out of membrane domains (41, 63, 64) , facilitating their functional interactions (31) . Indeed, Howe and colleagues have shown that phosphorylated forms of TrkA are found in lipid rafts and recruited into clathrin-containing vesicles. Phosphorylated TrkA is localized to lipid raft membranes, and the binding of TrkA to its downstream effectors, Shc and phospholipase C, occurs within these domains (16) . Suzuki et al. have recently reported that TrkB is recruited into lipid rafts in primary cortical neurons upon brain-derived neurotrophic factor (BDNF) binding (63) . These data suggest that TrkA can be translocated to and retained within membrane microdomains that are targeted for internalization into endosomes.
We sought to determine the molecular mechanisms by which NGF receptors and signaling elements are localized and retained within lipid rafts. The c-Cbl-associated protein (CAP) is an adaptor protein that has been described as a lipid raft targeting molecule (4, 23, 50, 51) . CAP contains a sorbin homology (SoHo) domain which specifically binds to flotillin in lipid rafts (23) . Adaptor proteins containing this domain have been shown to bind flotillin and act to anchor signaling molecules within cholesterol-rich microdomains (4) . CAP also has three C-terminal SH3 domains which can bind to proline-rich sequences in signaling effectors. Significantly, CAP has been found to associate with the TrkA-interacting adapter protein, APS (1, 30) . APS is an adaptor protein that physically associates with activated Trk receptors by binding phosphotyrosine residues within their catalytic domain following NGF stimulation (49) . APS exists in the cell as a pentamer and has been suggested to enhance TrkA phosphorylation and signaling by facilitating TrkA clustering and dimerization (48) .
We report that following NGF stimulation, TrkA is concentrated within the lipid raft fraction of the plasma membrane owing to the adapter function of CAP which links TrkA-containing complexes to flotillin. Significantly, when the SoHo domain of CAP is deleted, TrkA and SOS do not undergo NGF-stimulated association with lipid rafts. This mislocalization of essential signaling molecules in the MAPK signaling pathway reduces TrkA phosphorylation, inhibits the activation of Rap1, and attenuates ERK activation. These data provide a mechanistic explanation of how, upon NGF binding, TrkA is incorporated into lipid rafts, thus focally concentrating the receptor in membrane microdomains targeted for internalization and facilitating its interaction with downstream effectors. 5-ml centrifuge tube by overlaying the lysate with 2.0 ml of a 35% sucrose solution in buffer A, followed by 800 l of 5% sucrose solution in buffer A. The gradients were centrifuged in a 50.1 Ti rotor at 39,000 rpm for 18 h at 4°C. Gradients were separated into seven fractions. Gradient fractions were assayed for protein concentration using the Bradford assay. Equal amounts of protein from corresponding gradient fractions were resolved by SDS-PAGE and immunoblotted for the specified proteins.
Immunocytochemistry. PC12 cells were plated on poly-L-lysine-coated coverslips and stimulated with NGF for 0, 5, or 15 min in DMEM with 5 mM HEPES and 0.1% BSA. The cells were rinsed with PBS and fixed with 4% paraformaldehyde for 30 min at room temperature (TrkA staining) or in 2% paraformaldehyde for 10 min at room temperature (flotillin/CAP staining). The cells were then permeabilized with 0.3% Triton X-100 in PBS for 20 min at 4°C. Cells were blocked in 5% nonfat powdered milk and 1% horse serum for at least 2 h at room temperature. The primary antibodies were added to PBS with 5% nonfat dry milk for 1 h at room temperature, followed by an overnight incubation at 4°C with the following dilutions: TrkA, 1:100; flotillin, 1:50; CAP, 1:20. The cells were rinsed twice in PBS for 10 min, and then incubated with AlexaFluor secondary antibodies diluted 1:200 in PBS containing 5% nonfat dry milk for 1 h at room temperature. The coverslips were washed four times for 10 min in PBS and then mounted on slides and imaged on a Zeiss 510 META confocal microscope. FLAG staining was done following TrkA/flotillin staining according to the manufacturer's instructions.
Biotinylation. MG139-2 cells were transfected with constructs expressing FLAG-CAP, FLAG-CAP⌬SoHo, or GFP using Lipofectamine 2000 (Invitrogen, Carlsbad, CA). After 24 h, cells were stimulated with 100 ng/ml NGF for 15 min in DMEM with 5 mM HEPES and 0.1% BSA. Cells were rinsed with cold PBS and incubated with 1.5 mg/ml EZ-Link Sulfo-NHS-LC-Biotin [sulfosuccinimidyl-6-(biotinamido)hexanoate] (Pierce, Rockford, IL) in biotinylation buffer (10 mM boric acid, 154 mM NaCl, 7.2 mM KCl, 1.8 mM CaCl 2 , pH 8.4) for 15 min. Cells were then rinsed two times with quenching buffer (192 mM glycine, 25 mM Tris-HCl, 1.8 mM CaCl 2 , 154 mM NaCl, pH 8.3) and lysed in lysis buffer (20 mM Tris-HCl, pH 7.5, 137 mM NaCl, 1% Nonidet P-40, 10% glycerol, 1 mM MgCl 2 , 1 mM EGTA, 1 mM Na 3 VO 4 , 20 mM ␤-glycerol phosphate, 20 mM NaF, 1 mM PMSF, and 1 mg/ml aprotinin and leupeptin). Lysates were incubated on ice for 10 min and then centrifuged at 13,000 ϫ g for 10 min at 4°C. Protein concentrations were determined by the Bradford method (6). Lysates containing 1 mg of protein each were added to 100 l of UltraLink Immobilized NeutrAvidin beads (Pierce, Rockford, IL). Samples were incubated with rocking at 4°C for 2 h. NeutrAvidin beads were rinsed three times with lysis buffer, and 50 l of Laemmli buffer was added to each sample. Samples were resolved by SDS-PAGE and immunoblotted for Trk and FLAG.
Transfection of primary dorsal root ganglion neurons with fluorescent siRNA constructs. Control and CAP small interfering RNA (siRNA) constructs, a pool of three target-specific 20-to 25-nucleotide siRNA constructs (Santa Cruz Biotechnologies, Santa Cruz, CA) were labeled with carboxyfluorescein (FAM) using a Silencer siRNA labeling kit (Ambion, Austin, TX). Dorsal root ganglia (DRG) were isolated from E14 mouse embryos, trypsinized, and transfected with the FAM siRNA-labeled constructs using the Amaxa nucleofector device and the neuron nucleofector kit (Amaxa, Gaithersburg, MD). DRG neurons were then plated on laminin-coated dishes in Ultra culture medium (Cambrex Inc) with 10% FBS, 2 mM L-glutamine, and 50 ng/ml NGF. After a 20-h incubation, cells were fixed with 4% paraformaldehyde and stained for Tuj1. Cells were examined for uptake of the siRNAs by evaluation of FAM fluorescence, and fluorescent cells were quantitated for neurite length. Individual neurites were examined using the Zeiss Axiovision Rel, version 4.5, program. The cells were classified by their longest individual neurite with short neurites defined as Ͻ250 m and long neurites defined as Ͼ250 m. More than 200 cells were counted, and statistical analysis was done to determine the percentage of control siRNA-or CAP siRNA-transfected neurons with short neurites versus long neurites. In sister cultures, the cells were collected, the cellular lysates were resolved by SDS-PAGE, and CAP expression levels were evaluated by Western analysis.
RESULTS
Depletion of membrane cholesterol decreases the magnitude and duration of NGF-stimulated ERK activation. It has been postulated that recruitment and retention of signaling molecules within cholesterol-rich membrane microdomains are critical for receptor-mediated signal transduction (57) . Specifically, signaling from TrkA to its downstream effectors has been argued to be reliant upon cholesterol-rich lipid rafts as disruption of these domains with filipin or M␤CD abolished NGFstimulated ERK activation in PC12 cells (43) or inhibited TrkA phosphorylation in TrkA-expressing 3T3 cells (16) when evaluated after 5 min of NGF stimulation. We examined this phenomenon in greater detail to establish if perturbation of lipid rafts affected the kinetics and magnitude of ERK activation in response to NGF in PC12 cells. To determine the role of these cholesterol-rich domains in NGF stimulation of the ERKs, PC12 cells were pretreated with the cholesterol binding drug M␤CD. This drug extracts cholesterol from the plasma membrane and disrupts the structure and function of lipid rafts (60) . We found that cholesterol-depleted PC12 cells exhibited a marked decrease in ERK phosphorylation after NGF stimulation ( Fig. 1A and B) . The magnitude of the inhibition of ERK activation, measured at 5 min, was less dramatic than reported by Peiro et al. (43) , who reported a near complete (3) . These experiments establish that perturbation of membrane cholesterol content alters the magnitude of TrkA signaling to the ERKs. NGF-stimulated translocation of TrkA, SOS, and CAP to lipid rafts. M␤CD treatment is a common method of examining lipid raft function, and although its effects are often interpreted as reflective of disruption of lipid rafts, it remains possible that cholesterol depletion has a broader range of effects (10) . Previous studies report that TrkA is localized to lipid rafts (16) . One difficulty in interpreting these results is that there are dramatic differences in the fraction of TrkA reported to be associated with lipid rafts in untreated PC12 cells when the membranes are isolated in the absence of detergent under conditions that are reported to preserve raft structure (18, 39) . Moreover, TrkA is dynamically trafficked between the cell surface and diverse intracellular membrane compartments in PC12 cells (20) , and only a subset of the receptor is localized at the cell surface (65). Thus, it seems unlikely that the membrane isolation procedures employed previously accurately reflect the degree of raft-associated TrkA. We have reinvestigated this question using a different, but widely accepted, method of fractionating cellular membranes and isolation of raft-containing, low-buoyant-density membrane fractions employing nonionic detergents. Indeed, recent investigations of receptor dynamics using nonionic detergent extraction of cellular membranes have allowed the detection of BDNF-stimulated TrkB translocation into lipid rafts (63) as well as a similar glial cell-derived neurotrophic factor-stimulated receptor translocation into these membrane microdomains (64) . We have employed a modification of this procedure to fractionate membranes from untreated and NGF-treated PC12 cells. This method utilizes the low buoyant density of lipid raft-containing membranes to separate them from the bulk plasma membrane that differ in their detergent-resistant lipid composition, facilitating their resolution on sucrose gradients. We incubated PC12 cells with or without NGF for 5 min and then lysed the cells. We loaded equal amounts of protein onto sucrose gradients and centrifuged these gradients for 18 h. Following centrifugation, each gradient was divided into seven fractions, and these were examined by Western analysis. We probed the fractions with flotillin (5) to identify the light, lipid raft-containing membrane fraction (fraction 2) and transferrin receptor 1 (TfR1) (7, 58) to mark the heavy, bulk plasma membrane fraction (fractions 5 to 7) (Fig. 2) . In PC12 cells TrkA was found predominately localized within high-density membranes, reflective of its principal localization within intracellular membrane compartments and nonraft plasma membrane (20, 65, 68) , with only a small fraction present within the low-buoyantdensity fraction in untreated cells. Importantly, upon 5 min of stimulation with NGF, a significant translocation of TrkA into the lipid raft membrane fraction was observed (Fig. 2 ). This finding is consistent with a recent report of the neurotrophinstimulated recruitment of TrkB into lipid rafts (63) . The binding of NGF to TrkA at the cell surface results in activation of its intrinsic tyrosine kinase activity and extensive autophosphorylation. We found that the majority of the active phosphoTrkA was in the low-density fraction, suggesting that this is the fraction from which TrkA signaling is initiated. This latter finding is consistent with work from Huang and coworkers, who have argued that phosphorylated TrkA signaling is initiated within the lipid rafts (16) . However, since the translocation of phosphorylated TrkA was incomplete, it remains possible that signaling might also be initiated from non-raftassociated receptors.
In resting cells, the adaptor protein CAP, which contains a SoHo lipid raft-targeting domain, is present at very low levels in lipid rafts, but upon NGF stimulation CAP was rapidly translocated to these membrane domains (Fig. 2) . NGF also stimulated the movement of the Ras-specific guanine nucleotide exchange factor SOS to the lipid raft membrane fraction in PC12 cells (Fig. 2 ). SOS has previously been shown to associate with lipid raft domains following epidermal growth factor (EGF) stimulation of Rat-1 cells (37) . It should be noted that SOS and CAP, like other adapter proteins, are multivalent signaling molecules and have multiple functions in the cell. We expect that only a subset of these proteins are involved in TrkA signaling events, and the magnitude of their translocation to the membrane is reflective of the plasma membrane levels of activated TrkA. We also found that the adaptor protein FRS2, which binds TrkA following NGF stimulation (36) , is constitutively localized to lipid rafts, and its distribution is unchanged following NGF treatment. This is consistent with previous data (52) . The TfR is a marker of high-density membrane fractions. FIG. 2 . TrkA, SOS, and CAP concentrate in the flotillin-containing membrane fraction following NGF treatment. PC12 cell lysates were fractionated using discontinuous sucrose gradients. Fraction 1 represents the top of the gradient. PC12 cells were left untreated or stimulated with NGF for 5 min and lysed, and the lysates were resolved on sucrose gradients. Gradients were fractionated, and equal amounts of protein from corresponding fractions were separated by SDS-PAGE. Western blots were probed for flotillin, TrkA, phospho-TrkA (PTrkA), CAP, SOS, FRS2, and TfR1. Flotillin, which is a marker for lipid raft membranes, was used as a marker for the lipid raft fraction, while TfR1 was used to mark the heavy membrane fractions. These results are representative of three independent experiments. VOL. 27, 2007 CAP IS REQUIRED FOR TrkA LOCALIZATION AND SIGNALING 5689
NGF stimulates the formation of signaling complexes with CAP. Since CAP has been identified as a lipid raft targeting protein and is also able to bind signaling elements (24, 51) , it is possible that CAP is able to facilitate the concentration of SOS and TrkA in lipid rafts. To test this hypothesis, we identified CAP binding partners following NGF stimulation. First, we confirmed that CAP associates with flotillin in lipid raft domains. We used a polyclonal flotillin antibody to immunoprecipitate flotillin in PC12 cell lysates and then probed these immunoprecipitates with an antibody to CAP. We found only low levels of interaction between flotillin and CAP in unstimulated cells; however, this association was significantly enhanced upon 5 min of NGF treatment (Fig. 3A) . The NGF-stimulated association of CAP and flotillin was transient, as longer treatment with NGF resulted in diminished levels of these complexes (Fig. 3A) .
We hypothesize that TrkA is recruited to lipid rafts through protein complexes incorporating the CAP adapter protein. We found that NGF stimulation of PC12 cells resulted in the association of CAP with TrkA, as evidenced by the coimmunoprecipitation of TrkA with CAP. This interaction was a transient effect of NGF action, with maximal levels of complex formation observed after 5 min of NGF treatment (Fig. 3B) .
We reasoned the CAP may provide a critical linkage between the lipid raft and TrkA; however, this linkage was unlikely to be direct but, rather, required other adapter molecules. It seemed possible that the adapter protein APS might mediate this linkage, given that APS has been reported to directly bind to phosphorylated, activated forms of TrkA (49) . Moreover, it has been reported that CAP directly binds to the APS in 3T3-L1 adipocytes (1, 30) . To determine if CAP and APS interact following NGF stimulation, we overexpressed a Myc-tagged APS construct in PC12 cells. We then incubated these cells with or without NGF for 5 min. Using the Myc tag, we immunoprecipitated APS from the lysates and probed for CAP association. We found a constitutive association of CAP with APS (Fig. 3C ) which was not modified by NGF treatment. As APS binds phospho-TrkA following NGF stimulation, we postulate that CAP is able to associate with TrkA through the APS adaptor protein (49) .
CAP has been shown to bind the SOS guanine nucleotide exchange factor in 3T3-L1 adipocytes (24, 51) . To determine whether this interaction occurs in NGF-stimulated PC12 cells and could account for the activation of Ras, we immunoprecipitated SOS from PC12 cell lysates. We determined that NGF drives an association between SOS and CAP within 5 min of NGF stimulation (Fig. 3D) ; this association was coincident with the appearance of SOS in the lipid raft fraction (Fig. 2) .
Finally, we examined the ability of CAP to bind to the adaptor protein Cbl in NGF-treated PC12 cells. Cbl is a wellcharacterized CAP binding protein, and the interaction of these molecules is essential to signaling cascades in other cell types (4, 23) . Cbl was immunoprecipitated from the lysates of PC12 cells which had been stimulated with NGF, and these were analyzed for CAP association by Western blotting. CAP interacts with Cbl in untreated cells; however, NGF treatment resulted in a dramatic increase in this association (Fig. 3E) . This experiment serves to verify that in PC12 cells Cbl exhibits interactions with CAP and documents that this adapter protein associates with one of its most prominent interacting proteins, CAP, in an NGF-dependent manner. Cbl has been postulated to play a number of roles in NGF signaling owing to its multifunctional roles as an adapter protein and ubiquitin ligase (13, 25, 35, 40) , and it is unknown exactly how Cbl contributes to formation of complexes associated with TrkA. Together, these data ( Fig. 3A to E) indicate that, following NGF stimulation, CAP is the central molecule in a large protein complex that includes both members of the MAPK cascade and flotillin, a constituent of lipid rafts.
Both TrkA and CAP colocalize with flotillin on the cell surface following NGF stimulation. To further examine the interaction of these molecules following NGF stimulation, immunocytochemistry and confocal microscopy were performed on NGF-stimulated PC12 cells. In unstimulated cells, CAP is distributed diffusely throughout the cytoplasm; however, following NGF stimulation for 5 and 10 min, CAP moves to the cell surface, where it colocalizes with flotillin (Fig. 4A) . Flotillin is distributed throughout the cytoplasm and cell membrane, consistent with its role as a cholesterol binding protein. CAP and flotillin demonstrate little colocalization before stimulation, but following NGF stimulation, they colocalize in distinct regions of the plasma membrane; and this colocalization persists following 5 and 10 min of stimulation, consistent with the immunoprecipitation data shown in Fig. 3A .
TrkA also colocalizes with flotillin at the cell surface following 5 min of NGF stimulation (Fig. 4B) ; however, unlike CAP, this colocalization is transient and is diminished by 10 min of NGF stimulation. These experiments serve to verify, using direct imaging of the molecules, the NGF-stimulated interactions of TrkA, flotillin, and the adapter protein CAP.
CAP⌬SoHo inhibits the movement of TrkA and SOS to the lipid raft fraction while overexpression of wild-type CAP has no effect. We sought to determine if the sorbin homology domain of CAP, which specifically interacts with flotillin in lipid rafts, was responsible for the concentration of TrkA and SOS in the lipid raft domain following NGF stimulation. We first examined the effect of full-length CAP on protein localization in lipid rafts. We expressed a FLAG-CAP construct in PC12 cells which were then incubated in the presence or absence of NGF for 5 min and fractionated on sucrose gradients. The expression of FLAG-CAP had no effect on the NGFstimulated translocation of TrkA, SOS, or CAP into lipid rafts (Fig. 5A ). We detected a small increase in the basal level of CAP in raft fractions, as well as an overall increase in CAP protein levels, as a result of the overexpression of the fulllength CAP construct. FLAG-CAP expression had no effect on the constitutive localization of FRS2 in the lipid raft fraction.
However, when we expressed CAP⌬SoHo, a CAP mutant that lacks the SoHo domain, the NGF-stimulated translocation of TrkA and SOS into lipid rafts was blocked (Fig. 5B) . These data indicate that the SoHo domain of CAP is responsible for the targeting of TrkA and SOS to lipid rafts in response to NGF treatment and support a mechanism in which TrkA concentrates in membrane microdomains, where it is autophosphorylated and interacts with its downstream effectors. Expression of CAP⌬SoHo had no effect on the constitutive localization of FRS2 within lipid rafts. These data argue that CAP is responsible for the stimulation-dependent localization of TrkA-related signaling molecules in lipid rafts.
Using confocal microscopy, we verified that expression of fulllength CAP had no effect on the ability of TrkA to form complexes with flotillin in response to NGF; however, CAP⌬SoHo inhibited this interaction (Fig. 6) . Following 5 min of NGF stimulation, full-length CAP localized to the cell membrane where it exhibited a punctate distribution. However, in unstimulated cells, CAP distribution was diffuse and mostly concentrated in the cytoplasm. The CAP⌬SoHo mutant distributed a diffuse localization regardless of NGF stimulation (Fig. 6) . 
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CAP⌬SoHo decreases NGF activation of ERK1/2. We tested whether inhibition of CAP localization to flotillin-containing lipid rafts perturbed TrkA-dependent activation of ERK1/2. We found that expression of the CAP⌬SoHo mutant attenuated ERK activation in response to NGF (Fig. 7A to C) . We determined this by two different methods. First, we employed a protein transduction system where recombinant CAP⌬SoHo protein was introduced into PC12 cells by the Chariot protein delivery reagent. We observed an approximately 20% reduction in ERK phosphorylation by this method (Fig. 7A) . Next, we transiently transfected a CAP⌬SoHo expression construct into PC12 cells (Fig. 7B and 8A ) and found diminished ERK activation in response to NGF. We saw no change in ERK activation when full-length CAP was transfected into the cells (Fig. 8A ). These data demonstrate that the signaling pathways upstream of ERK activation are intact and not influenced by full-length CAP expression. In CAP⌬SoHo-transfected cells, we saw about a 60% decrease in ERK phosphorylation after 5 min of NGF stimulation (Fig. 8A) . To determine if the reduction in ERK phosphorylation observed after CAP⌬SoHo transfection was due to a change in the activation kinetics of ERK, we examined a time course of ERK activation in CAP⌬SoHo-transfected cells. We found that CAP⌬SoHo does not alter the activation kinetics of ERK in response to NGF but significantly reduced the magnitude of ERK activation at all time points (Fig. 7B and C) . These data support a mechanism of ERK activation that depends on CAP-facilitated TrkA movement into the lipid rafts.
CAP-mediated protein interactions are necessary for NGF, but not EGF, stimulation of ERK. CAP promotes the localization of its interacting proteins to lipid raft domains (4, 23); thus, both its flotillin binding domain and SH3 protein interaction domains should be essential for functional signaling complex formation. To determine if the three SH3 proteinprotein interaction domains of CAP are essential to ERK activation, we transfected a CAP protein lacking all three SH3 domains (CAP⌬SH3) into PC12 cells (Fig. 8B) . Following transfection the cells were incubated with or without NGF for 5 min. The cells were lysed and analyzed by Western blotting for ERK activation. Transfection of FLAG-CAP⌬SH3 reduces ERK activation by NGF (Fig. 8B) . However, there was no change in ERK activation with the expression of full-length CAP compared to vector controls (Fig. 8A) . These data indicate that both protein interaction domains of CAP, SoHo and SH3, are required for NGF stimulation of the ERKs and that CAP acts as an essential adaptor protein in this signaling pathway. To determine if the CAP adaptor protein is specific for NGF activation of the ERKs, we transfected PC12 cells with GFP, FLAG-CAP, or FLAG-CAP⌬SoHo and incubated the cells with or without EGF for 5 min. In contrast to the effect of NGF, there was no noticeable difference in EGF-stimulated activation of the ERKs between control, full-length CAP-, and CAP⌬SoHo-transfected cells (Fig. 8C) . This finding demonstrates that CAP acts specifically to facilitate TrkA action and does not participate in EGF-stimulated ERK activation.
CAP⌬SoHo inhibits TrkA phosphorylation and internalization.
To determine if translocation of TrkA into lipid rafts is important for receptor activation, GFP, full-length CAP, and CAP⌬SoHo expression constructs were transfected into PC12 cells. Cells were treated with NGF, and TrkA phosphorylation was examined using a phospho-specific antibody for Y490 of TrkA. Phosphorylation of the Y490 residue is correlated with the activation status of the receptor. TrkA phosphorylation was reduced, but not completely inhibited, in cells expressing CAP⌬SoHo compared to controls, while the expression of full-length CAP had no effect (Fig. 9A) . Phospho-Trk levels were quantified from three independent experiments and normalized for protein loading. In all experiments at least a 50% decrease in Trk phosphorylation was observed at 5 min in CAP⌬SoHo-transfected cells. TrkA activation was examined to determine if its activation was reduced or simply delayed (Fig. 9B) . Reduction in TrkA activation was observed at all FIG. 7 . CAP⌬SoHo inhibits ERK activation. (A) Purified FLAGCAP⌬SoHo protein was introduced into PC12 cells using the Chariot protein transduction reagent. Cells were incubated with or without NGF for 5 min and then lysed. Cell lysates were probed for phospho-ERK (P-ERK) to examine differences in ERK activation and for ERK2 to control for protein loading. Anti-CAP was used to probe for the incorporation of CAP⌬SoHo into the cells. This antibody recognizes both endogenous (upper band) and mutant CAP proteins (lower band) which differ in their molecular weights. (B) PC12 cells were transfected with FLAG-CAP⌬SoHo or GFP constructs using Lipofectamine 2000. Cells were stimulated with NGF for indicated times. Western blots were probed for phospho-ERK, ERK 2, and CAP. (C) Graphical analysis of data from three independent experiments. Data are represented as the average (Ϯ standard error) mean pixel intensity normalized to the percentage of maximal activation ( * , P Ͻ 0.05).
FIG. 8. CAP-mediated protein interactions are necessary for NGF but not EGF stimulation of the ERKs. (A) PC12 cells were
transfected with constructs expressing full-length FLAG-CAP, FLAGCAP⌬SoHo, or GFP. Cells were incubated with or without NGF for 5 min. Cells were lysed, and the lysates were examined by Western blotting analysis. Western blots were probed for phospho-ERK (P-ERK), ERK2, and FLAG. (B) PC12 cells were transfected with constructs expressing FLAG-CAP⌬SH3 or GFP. Cells were either treated with NGF for 5 min or left untreated. Cells were lysed and analyzed for protein concentration. Equal amounts of protein from each sample were separated by SDS-PAGE and analyzed by Western blotting. Blots were probed for phospho-ERK, ERK2, and FLAG. (C) PC12 cells were transfected with constructs expressing FLAG-CAP, FLAG-CAP⌬SoHo, or GFP and then treated with EGF for 5 min or left untreated. Cells were lysed, and lysates were analyzed for protein concentration. Equal amounts of protein from each sample were separated by SDS-PAGE and analyzed by Western blotting. Blots were probed for phospho-ERK, ERK 2, and FLAG.
VOL. 27, 2007 CAP IS REQUIRED FOR TrkA LOCALIZATION AND SIGNALING 5693 time points. These data indicate that TrkA concentration in lipid rafts is required for the activation of the receptor and suggests that clustering of TrkA in lipid rafts facilitates receptor dimerization and transphosphorylation in response to NGF. As Trk receptor activation is necessary for its internalization, we sought to determine whether CAP⌬SoHo had any effect on the internalization of the TrkA receptor. Using a 3T3 cell line that constitutively expresses TrkA (32) and responds to NGF stimulation, we used biotinylation of cell surface proteins to determine the amount of TrkA on the cell surface before and after 15 min of NGF stimulation in control, CAP-, and CAP⌬SoHo-expressing cells. Following transfection with constructs for CAP, CAP⌬SoHo, and GFP, cells were stimulated with NGF for 15 min and incubated with biotin, which labels all proteins on the cell surface. NeutrAvidin beads were then used to isolate the biotin-linked proteins. Proteins bound to the NeutrAvidin beads were examined by Western blots probed for TrkA. Following NGF stimulation of GFP-transfected cells, the amount of TrkA located on the cell surface was significantly reduced (Fig. 9C) , signifying the ligand-dependent internalization of the receptor. Transfection with CAP-expressing constructs did not have any effect on NGF-stimulated internalization of TrkA (Fig. 9C) . However, following transfection of CAP⌬SoHo-expressing constructs, the amount of TrkA located on the cell surface was not significantly reduced following NGF stimulation (Fig. 9D ), indicating that CAP⌬SoHo is able to inhibit the internalization of the TrkA receptor. These data support the dependence of TrkA activation and downstream signaling on the CAP adaptor protein.
CAP⌬SoHo influences the activation of the small G protein Rap1. NGF stimulation results in the activation of the small G proteins, Ras and Rap1 (70) . In PC12 cells, Rap1 is the predominant activator of ERK1/2, while Ras plays a relatively minor role in NGF-stimulated ERK activation (21, 33, 70) . To determine whether CAP⌬SoHo affects the activation of Ras or Rap1, we isolated active Ras and Rap1 from NGF-stimulated cells. Active Ras and Rap1 were isolated using agarose beads preconjugated to the Raf-RBD, which specifically associates with GTP-bound Ras and Rap1.
Transfection of CAP⌬SoHo into PC12 cells caused a significant inhibition of Rap1 (Fig. 10B and C) following NGF stimulation compared to GFP-transfected and full-length CAP-transfected controls. This loss of Rap1 activation is likely responsible for the inhibition of ERK in CAP⌬SoHo-expressing cells. In contrast, the expression of CAP⌬SoHo did not decrease the activation of Ras following NGF treatment compared to GFP-transfected and full-length CAP-transfected controls (Fig. 10A) . These findings support the observation that Rap1 is the principal regulator of NGF-stimulated ERK activation, with Ras playing a qualitatively minor role (19, 70) , and that Rap1 activation of its downstream targets is reliant upon the localization of TrkA within lipid rafts.
Knock-down of endogenous CAP expression results in decreased neurite length in cultured DRG neurons. To determine the biological significance of CAP in TrkA-expressing neurons, we used CAP siRNA constructs to knock down the expression of endogenous CAP in primary DRG neurons isolated from E14 mouse embryos (Fig. 11E) . We first labeled the CAP siRNA or control siRNAs with FAM in order to detect the siRNA constructs in the cells. We used the Amaxa nucleofection system to incorporate the siRNA into the freshly isolated DRG neurons. The neurons were then plated on laminincoated coverslips and incubated with NGF for 20 h. The neurons were stained for Tuj1, and neurite length was examined ( Fig. 11A and B) . Neurite length was scored as short (under 250 m) or long (above 250 m). DRG that incorporated CAP siRNA typically had short axons, while cells that FIG. 9 . CAP⌬SoHo inhibits TrkA phosphorylation and internalization. (A) PC12 cells were transfected with GFP, FLAG-CAP, or FLAG-CAP⌬SoHo. Cells were left untreated or stimulated with NGF for 5 min. Cells were lysed, and lysates were probed with antibodies to phospho-Trk (P-Trk), TrkA, and FLAG. (B) PC12 cells were transfected with FLAG-CAP⌬SoHo-or GFP-expressing constructs. Cells were left untreated or treated with NGF for 5, 15, or 30 min. Cells were then lysed, and lysates were analyzed for protein concentration using the Bradford protein assay. Equal amounts of protein from each sample were resolved using SDS-PAGE. Western blots were probed for phospho-TrkA, TrkA, and CAP. These results are representative of three independent experiments. Cells were transfected with FLAG-CAP (C) or FLAG-CAP⌬SoHo (D) and were treated with NGF for 15 min or left untreated. Cells were incubated with biotin to label cell surface proteins. Cell lysates were then incubated with neutravidin beads to specifically isolate the biotin-labeled proteins. Western blotting was performed, and blots were probed for TrkA. Lysates were probed with anti-FLAG antibodies to detect expression of the transfected proteins. Fig. 11C and D) . These data indicate that a reduction in CAP expression affects neurite outgrowth in TrkA-expressing primary sensory neurons.
DISCUSSION
One of the principal unresolved issues in neurotrophin signaling is establishing how Trk receptors are translocated into membrane compartments that facilitate the assembly of signaling complexes, their subsequent internalization, and finally the propagation of signals to intracellular effectors. PC12 cells have been a particularly valuable model for establishing how TrkA elicits neuronal differentiation through regulation of the activity of the ERKs (12, 22, 34, 42) . The capacity of NGF and other neural differentiating stimuli to stimulate ERK activity over extended intervals leads to the physical translocation of the kinases into the nucleus, where they phosphorylate transcription factors responsible for the expression of neuron-specific genes. Moreover, the necessity to propagate signals from the membrane to the nucleus in neurons that have highly asymmetric morphology has led to the evolution of mechanisms that allow the sustained activation of intracellular signaling molecules such as the ERKs. Howe and colleagues have argued that receptor-containing internalized vesicles, or "signaling endosomes," are responsible for much of neurotrophinmediated signaling in neurons through the retrograde transport of receptor-bearing endosomes from the membrane of neuronal processes to the nucleus (14, 15) . We have focused our attention on the initial step in the cellular compartmentalization of neurotrophin signaling, the focal concentration of Trk receptors within cell surface membrane microdomains. The mechanisms subserving the clustering of receptors and their associated signaling elements within membrane domains that are subsequently targeted for internalization are not well understood. The present study addressed several unresolved issues regarding the dynamics of TrkA redistribution within membrane compartments following NGF binding. Earlier studies had reported that TrkA was constitutively associated with low-buoyant-density membrane fractions using fractionation procedures employing carbonate buffers at basic pH, and the degree to which TrkA was localized into the light membrane fractions was reported to be between approximately 50% to 90% (16, 39, 43) in untreated PC12 cells. This distribution was reported not to be dramatically affected by NGF treatment (16) . These findings are difficult to reconcile with the known cellular distribution of TrkA (65) , which is found predominately associated with intracellular membranous compartments, with only a fraction present at the cell surface. We have employed a different method of lipid raft isolation that has been demonstrated by others to allow detection of ligand-regulated redistribution of membrane receptors into lipid rafts (63, 64) and has the additional advantage of preserving receptor-associated protein complexes which were postulated to be disrupted at the high pH used in previous studies (16) . We report that NGF stimulates the rapid translocation of TrkA into cholesterol-rich lipid rafts. This observation is similar to the recent finding that the TrkB is translocated into lipid rafts in cortical neurons upon BDNF treatment (63) . While the fraction of TrkA that is associated with the lipid rafts is a small fraction of total cellular TrkA, it represents the biologically active, phosphorylated species that are responsible for initiating downstream signaling cascades. Indeed, Suzuki et al. have provided evidence that Trk tyrosine kinase activity is required for translocation into these membrane domains (63) , consistent with the phosphorylation-dependent assembly of receptor-associated signaling complexes.
The localization of TrkA into lipid rafts has been recognized as important for downstream signaling as perturbation of these structures by cholesterol removal (16) , cholesterol binding drugs (43) , or ganglioside overexpression (39) resulted in inhibition of TrkA phosphorylation and ERK activation, and our findings are consistent with these observations. These findings raise the question of how, exactly, TrkA is targeted to and retained within lipid raft domains. We have demonstrated that disruption of the SoHo domain of CAP, preventing the linkage of TrkA to the lipid rafts via flotillin, blocks the ability of the receptor to localize to these membrane microdomains. We postulate that the adaptor protein CAP acts through its interaction with flotillin to anchor TrkA to cholesterol-rich rafts. Flotillin avidly binds to cholesterol, is concentrated in cholesterol-rich membrane microdomains, and is an integral membrane protein of lipid rafts (5) . The adaptor protein CAP binds to flotillin through its SoHo domain, and this interaction is enhanced upon NGF treatment of the cells. CAP is linked to TrkA, likely through its interaction with the adapter protein APS, which binds to TrkA through a phosphotyrosine residue within the catalytic domain of the receptor (49) . APS has an N-terminal multimerization domain that is postulated to play a role in the clustering of activated TrkA, which seems to be critical for the propagation of downstream signaling and specifically for the sustained activation of the ERKs (48) .
Despite this documented role for APS in ERK activation, APS may not represent the only link between CAP and Trk as there is evidence that other molecules such as Cbl bind both of these proteins. Furthermore, CAP's effects on TrkA signaling may not be limited to its association with the receptor. As a multipotent adaptor protein, CAP has the capacity to associate with many signaling molecules. The deletion of the protein interaction domains of CAP may interfere with the formation of multiple protein complexes and suppress ERK activation through more than one mechanism.
TrkA activation stimulates two parallel signaling pathways that can lead to the activation of the ERKs. NGF binding to TrkA results in the rapid activation of Ras and c-Raf through a mechanism which is thought to occur principally at the plasma membrane. In PC12 cells this pathway is a quantitatively minor contributor to overall ERK activation (21, 70) . TrkA activates the ERKs principally through a parallel signaling pathway mediated by Rap1 and B-Raf (19, 21, 70) . Rap1 is localized almost exclusively in endosomes (68) , and this pathway is responsible for Ͼ90% of signaling to the ERKs in NGF-stimulated PC12 cells (21) . This latter pathway is reliant upon the formation of a stable, endosomally associated (68) signaling complex centered on the scaffolding protein FRS2 (21) .
We found that the principal effect of perturbation of the localization of TrkA and its signaling complexes to lipid rafts is the dramatic inhibition of Rap1 activation, leading to the attenuation of ERK activation. Rap1 activation of B-Raf is the central signaling pathway for ERK activation in PC12 cells (19) . Significantly, FRS2, an essential adaptor protein for TrkA activation of Rap1, is constitutively associated with lipid raft domains (52) . It is possible that CAP⌬SoHo interferes with the ability of TrkA to associate with FRS2 in lipid rafts.
Although TrkA and SOS do not concentrate in lipid rafts following NGF stimulation of CAP⌬SoHo-expressing cells, Ras activation in these cells is not decreased. This effect may be explained by the fact that Ras localization to lipid rafts is reported to be isoform specific. While H-Ras preferentially localizes to membrane microdomains, K-Ras is excluded from them (45, 46) . The loss of TrkA and SOS from lipid rafts may allow for the preferential activation of K-Ras. As most TrkA binding partners, i.e., SHC, phospholipase C-␥, and FRS-2, are sequestered in lipid rafts, TrkA may highly couple to SOS and activate Ras outside of lipid rafts, resulting in CAP⌬SoHo expression having little effect on Ras activation.
The CAP adaptor protein has a well-described role in insulin signaling pathways (1, 4, 8, 23, 29, 30, 51) . Following insulin stimulation, CAP facilitates the translocation of Cbl away from the insulin receptor and into lipid raft complexes where Cbl is able to recruit downstream signaling elements (4, 23) . This translocation is absolutely required to maintain the integrity of insulin signaling to its downstream effectors (4, 23 (71) . We demonstrate a novel role for CAP in TrkA activation and its downstream signaling. As an essential adaptor protein, the disruption of either of the protein interaction domains of CAP reduces TrkA activation of the ERKs. CAP appears to act specifically to regulate NGF signaling through TrkA, as activation of the ERKs by EGF is unaffected by the loss of CAP protein-protein interaction domains. Thus, unlike NGF, EGF signaling is not dependent on CAP-mediated signaling complexes. These data may provide an explanation for previous reports that EGF-stimulated activation of the ERKs was insensitive to cholesterol depletion (43) and that EGF receptors were reduced in raft fractions following EGF stimulation (16, 37) . However, EGF only transiently activates the ERKs and is unable to support sustained ERK signaling, reinforcing our view that the CAP adaptor protein contributes to prolonged signaling events. Importantly, we demonstrate that CAP is an essential element in signaling through the ERKs to regulate neurite outgrowth in neurons, as inhibition of endogenous CAP expression inhibits NGF-stimulated neurite outgrowth from primary DRG neurons. Our data demonstrate that CAP-mediated localization of signaling elements to lipid rafts is an important mechanism for signal propagation.
We have described a novel mechanism of TrkA localization and activation following NGF stimulation. This mechanism elucidates the biological significance of lipid rafts in NGF signaling and establishes a previously unknown role for the adaptor protein CAP in TrkA-dependent ERK activation. Although the biological activities of TrkA receptors in PC12 cells are likely to differ from those in primary neurons, these data underscore the importance of the localization of signaling to distinct compartments in the cell and support a mechanism of signal transduction where signaling molecules are required to move into specific membrane domains for internalization and intracellular signal propagation. This mechanism supports the concept of "signaling organelles" which possess complexes of active signaling molecules that are trafficked to other intracellular locations to interact with their effectors (14) .
